Three families of ligand-activated ion channels mediate synaptic communication between excitable cells in mammals. For pentameric channels related to nicotinic acetylcholine receptors and tetrameric channels such as glutamate receptors, the pore-forming and gate regions have been studied extensively. In contrast, little is known about the structure of trimeric P2X receptor channels, a family of channels that are activated by ATP and are important in neuronal signaling, pain transmission and inflammation. To identify the pore-forming and gate regions in P2X receptor channels, we introduced cysteine residues throughout the two transmembrane (TM) segments and studied their accessibility to thiol-reactive compounds and ions. Our results show that TM2 lines the central ion-conduction pore, TM1 is positioned peripheral to TM2 and the flow of ions is minimized in the closed state by a gate formed by the external region of TM2.
In mammals, there are seven subtypes of P2X receptor channels (termed P2X [1] [2] [3] [4] [5] [6] [7] ) that are widely expressed throughout the nervous system and many other tissues, including muscle and epithelia 1, 2 . From a structural perspective, P2X receptor channels are intriguing because they are formed by three identical or related subunits [3] [4] [5] [6] [7] , each having a large extracellular segment of B280 amino acids that forms the ATPbinding domain 8 , with two flanking transmembrane helices (TM1 and TM2) 9, 10 spanning the membrane and leaving the N and C termini on the intracellular side ( Fig. 1) . Our objective was to determine the relative contribution of the transmembrane segments to forming the ion-conduction pore in P2X receptor channels and to localize the gate region, two questions that remain unresolved 1 .
In the present study we set out to answer these questions by introducing cysteine residues throughout both the transmembrane segments of the P2X 2 receptor channel, an isoform that desensitizes slowly after activation by ATP 2 , and then measuring the apparent rate of chemical modification with thiol-reactive compounds and ions applied to the external side of the membrane. For this approach to be informative for our purposes, the thiol-reactive compounds and ions should (i) not modify the channel unless a cysteine is introduced, (ii) modify with rates approaching those observed in aqueous solution when the channel is open, and (iii) modify an introduced cysteine below the gate with markedly slower rates when the channel is closed [11] [12] [13] . These requirements were not achieved in previous cysteine accessibility studies on P2X receptors [14] [15] [16] [17] , leaving the pore-forming and gate regions unclear 1 . Although modifications of residues in both TM1 and TM2 were observed, no rapid modification rates were obtained, leaving open the possibility that reagents access introduced cysteine residues through nonaqueous pathways (for example, protein or lipid) and/or react with rare conformations of the channel. Furthermore, contradictory conclusions were put forward as to the secondary structure of TM2 and the location of the gate. One study proposed that TM2 forms an outward facing loop with I328 and L334 positioned external and internal to the gate, respectively, and with G342 at the apex of the loop and contributing to the gate 15 . In contrast, another study assumed that TM2 is helical and suggested that the gate is positioned deep in the transmembrane segment, between L338 and D349 (ref. 16) .
RESULTS
To generate an appropriate background for our studies, we mutated three native cysteine residues to threonine (one in TM2 and one in each of the two termini; Fig. 1 ), leaving the ten conserved cysteine residues in the extracellular domain, as they are thought to be involved in disulphide bonds that are important for channel function 18, 19 . This P2X 2 -3T channel was robustly activated by ATP when expressed in HEK293 cells ( Fig. 2a and Supplementary Fig. 1 online) , desensitized slowly in the presence of ATP (Fig. 2a) and was insensitive to high concentrations of 2-trimethylaminoethyl methanethiosulfonate (MTSET; 1 mM), Ag + (67 nM) and Cd 2+ (20 mM) in either the absence or presence of ATP (Figs. 2-4) . Collectively, these properties of the P2X 2 -3T construct make it an ideal background for studying the reactivity of subsequently introduced cysteine residues with thiol-reactive compounds and ions.
Reactivity of introduced cysteine residues with MTSET We introduced cysteine residues throughout the two transmembrane segments on the P2X 2 -3T background and studied their activation by ATP ( Supplementary Fig. 1 ). Of the 49 mutants, 44 responded robustly to ATP, but four of these desensitized too rapidly to be studied further ( Fig. 2 and Supplementary Fig. 1 ). For the remaining 40 cysteine mutants, we initially tested their accessibility to positively charged MTSET from the external side of the membrane, either in the absence or presence of a half maximal effective concentration (EC 50 ) of ATP. For these experiments, we inferred that the engineered cysteine reacts with MTSET if the reagent irreversibly alters the ATP-induced current and that no reaction occurs if the reagent is without effect, a reasonable assumption because mutations throughout TM1 and TM2 have pronounced effects on activation of the channel by ATP 9, 10, 20 . In TM1, only one mutant (V48C) showed accessibility to MTSET, which modified the residue in either the absence or presence of ATP, resulting in a reduction in current and a marked slowing of channel closing ( Supplementary  Fig. 2 online) 17 . The apparent modification rate at V48C was rather modest (B700 M -1 s -1 in the presence of ATP), implying that the open probability of the mutant is low or that this residue is not readily accessible to MTSET in both open and closed states. The most important aspect of these results is that the dearth of reactive positions strongly suggests that TM1 is not the central pore-lining helix.
In contrast with the results from TM1, there were eight positions in TM2 where cysteine substitutions showed pronounced responses to MTSET (Fig. 2b ,c,e and Supplementary Fig. 2 ), including I328C, I332C, T336C, T339C, I341C, V343C, S345C and F346C. At positions I328C and I332C, toward the external end of TM2, MTSET activated the channel in the absence of ATP, but either inhibited (I328C) or activated (I332C) the channel when applied in the presence of ATP ( Supplementary  Fig. 2 ). Although the phenomena observed at these two positions warrant further study, they do not directly implicate a specific region in forming the pore or the gate. In contrast, the results for deeper positions in TM2 are quite informative, as the apparent rates of MTSET modification in the presence of ATP were quite rapid, and the modification rates dropped markedly in the absence of ATP (Fig. 2b,c,e) . At position T336C for example, the MTSET modification rate was 9,200 M -1 s -1 in the presence of an EC 50 of ATP, but was o3 M -1 s -1 in the absence of ATP (Fig. 2c,e) . The rate of MTSET modification of T336C closely followed the dose-response curve for ATP activation of the channel (Fig. 2d) , suggesting that the large change in modification rate is related to channel gating, reaching a maximal value of 22,000 M -1 s -1 at saturating ATP concentrations. The modification rate seen for MTSET with T336C in the presence of high ATP concentrations was close to the rate for MTSET reaction with free mercaptoethanol in solution (B90,000 M -1 s -1 ) 21 or to that observed in the internal gate region of the Shaker K v channel 12, 13 , particularly when one considers that the maximal open probability of T336C mutant channels could be considerably less than unity. In this case, our estimate of modification rate for the open state (in the presence of ATP) would be an underestimate, which may also explain the somewhat slower modification rates that we observed for positions I341C, S345C and F346C. Nevertheless, the rates observed for both T336C and T339C were rapid enough to conclude that these residues must be Fig. 2 ). Crossed-out circles are cases where reactivity with MTSET could not be examined because responses to ATP were minimal (L29C, R34C, Y43C, S340C and D349C) or desensitization was too rapid (G342C, L352C, L353C and T354C). An EC 50 of ATP was used for each mutant (Supplementary Fig. 1 Figure 1 Transmembrane segments in P2X receptor channels. (a) Schematic representation of the general topology of a P2X receptor channel subunit. Three endogenous cysteine residues in TM2 and the two termini were mutated to threonine, as indicated by red circles. (b) Sequence alignment of the two putative transmembrane segments of rat P2X 1 -P2X 7 . Identical residues are highlighted in yellow and similar residues in gray. I50  F49  V48  Y47  W46  V45  F44  Y43  L42  L41  I40  L39  L38  Q37  V36  M35  R34  H33  V32  F31  G30  L29   TM1   I328  P329  T330  I331  I332  N333  L334  A335  T336  A337  L338  T339  S340  I341  G342  V343  G344  S345  F346  L347  C348  D349  W350  I351  L352  L353  T354   10 A R T I C L E S exposed to aqueous solution in the open state and that this region of TM2 forms a water-filled pore for MTSET to reach the introduced cysteine. The strong gated access of MTSET to T336C and below suggests that a gate for this reagent is located in the external region of TM2. Another noteworthy feature of MTSET modification is that the reagent can cause a marked slowing of channel closing after removal of ATP, in particular for V48C in TM1 (Supplementary Fig. 2 ) and T336C in TM2 (Fig. 2c) . These 'foot in the door' effects are similar to those reported for quaternary ammonium blockers of the internal pore of K v channels [22] [23] [24] , providing direct evidence that the outer regions of TM1 and TM2 move during opening and closing 9, 10, 15, 16, 20, 25 .
Reactivity of introduced cysteine residues with Ag + Our results with MTSET provide strong evidence that the external region of TM2 forms the external pore of P2X receptor channels and define pore-lining positions where the access of MTSET varies substantially between closed and open states. Although these results suggest that there is a gate for MTSET in the external region of TM2, they do not directly implicate this region in forming a gate for the smaller ions that permeate P2X receptors under physiological conditions. In cyclic nucleotidegated channels, for example, the gates for moderately large MTS reagents and small ions appear to be in different regions of the pore 26, 27 .
To explore whether the gate that governs access of MTSET also forms a barrier to small ions, we investigated the gated access of Ag + , a small thiol-reactive ion that has dimensions and diffusion properties that are similar to the alkali metal cations that permeate P2X receptor channels 13, 28 . We examined cysteine substitutions at seven positions in TM2, and in each case found that extracellular application of Ag + caused irreversible inhibition in either the absence or presence of an EC 50 concentration of ATP (Fig. 3b-e) . The modification rates that we obtained in the presence of ATP were very rapid, ranging from 5 Â 10 7 to 5 Â 10 8 M -1 s -1 , comparable to that seen for the intracellular gate region of the Shaker K v channel 13 . The tenfold range of modification rates that we observed in the presence of ATP for these seven TM2 positions could be the result of differences in maximal open probability between the mutants, but in each case, the observed modification rate was sufficiently rapid to conclude that all seven residues probably line an aqueous ion-conduction pathway in the open state. As with the MTSET experiments, we observed gated access of Ag + to introduced cysteine residues at position T336C and below, with rates that differed by 75-(T336C) to 10 4 -fold (S345C) in the absence and presence of ATP (Fig. 3e) , suggesting that the access of small ions to the pore of P2X receptors is also controlled by a gate located in the external region of TM2. Notably, the reaction between Ag + and I332C was very rapid in either the absence or presence of ATP (Fig. 3b,d,e) , suggesting that the gate is positioned below this residue.
Coordination of Cd 2+ by T336C
Thus far, our results indicate that charged thiol-reactive reagents such as MTSET and Ag + can access cysteine residues in TM2 through an aqueous pathway at very high rates. If the reactive cysteine is located at the central axis of the pore, it might be close enough to the equivalent cysteine in the other subunits to stably coordinate Cd 2+ , a metal that seems to require at least three cysteine residues for tight binding 12 . We therefore investigated whether Cd 2+ could be stably coordinated by cysteines substituted at position T336, the most external position showing rapid state-dependent modification rates in the presence of ATP. Although extracellular application of Cd 2+ to T336C in the absence of ATP had no apparent effect (Fig. 4d) , application of Cd 2+ in the presence of ATP produced pronounced inhibition of the channel and a substantial fraction of the inhibitory effect did not recover 2 min after removal of the divalent ion (Fig. 4b,e) . These results indicate that Cd 2+ can be stably coordinated in T336C channels and suggest that this region of TM2 lines a centrally located ion-conduction pore.
DISCUSSION
Collectively, our results showing rapid and strongly state-dependent modification rates for cysteine residues introduced into transmembrane regions of P2X receptor channels have three main implications for the structure of the pore and the location of the gate. First, they demonstrate that a central ion-conduction pathway in these trimeric channels is predominantly formed by the TM2 helix (Fig. 5) . TM1 may also make substantial contributions, in particular if TM1 and TM2 span the membrane at different angles, but the paucity of MTSET reactivity with this helix suggests that it is positioned more peripherally than TM2 (Fig. 2e) . It is intriguing that this structural feature of P2X receptor channels is also found in the trimeric acid-sensing ion channels (ASIC) 29 , suggesting that the structures of these channels may be similar, even though their amino acid sequences are unrelated.
As such, our results may have implications for gating of the ASIC family of channels. Second, our results suggest that access of ions to the pore is controlled by a gate located in the external half of the TM2 helix. No state-dependent changes in Ag + modification rates were seen toward the external end of TM2 at position I332C, whereas the statedependent changes in Ag + modification rates were consistently large for all positions at or below I341C, indicating that residues between these two extremes form the barrier to ion permeation in the closed state. Although TM2 has been proposed to adopt a nonhelical structure 15 , both mutagenesis 9,20 and our modification results (Figs. 2e and 3e) suggest that the outer half of TM2 is helical (Fig. 5) . The three helical turns of TM2 that probably house the gate are sprinkled with aliphatic residues in all P2X receptors, which could form a hydrophobic plug when the channel is closed (Figs. 1b and 5) . It is notable that the rate of Ag + modification of residues in TM2 in the closed state became progressively slower between I332C and I341C (Fig. 3e) , raising the possibility that ions experience a growing barrier to movement through the external region of the pore. One interpretation of this pattern is that the diameter of the pore narrows over an extended region in the closed state, which differs somewhat from the more localized bundle crossing seen for the internal gate region of potassium channels 12, 30 . An extended barrier could also explain the very large state-dependent changes in Ag + -reaction rates that we observed for positions near the middle of TM2 (B10 4 ), which were considerably larger than have been observed for the internal gate in potassium channels 13 .
Finally, it is interesting that the mutations in the region of TM2 that we define as lining the pore in the open state and forming the gate also alter the permeability of P2X receptor channels for divalent ions 31, 32 , raising the possibility that the gate region itself also functions as a selectivity filter of sorts. The selectivity filters of cyclic nucleotide-gated channels and several types of potassium channels may form a gate for either channel activation or inactivation 26, 27, 33 , although in those instances the selectivity filter is formed by a re-entrant pore helix and turn 34 that is structurally distinct from the present picture for P2X receptor channels, where the external region of a transmembrane helix influences ion selectivity in the open state and prevents ion conduction in the closed state.
METHODS
Channel constructs. Rat P2X 2 (ref. 35 ) cDNA in pcDNA1 was generously provided by D. Julius (University of California, San Francisco). To remove three native cysteine residues, we individually mutated Cys9, Cys348 and Cys430 to alanine, serine, threonine and valine. In all three cases, substitution with threonine resulted in channels that resembled the wild-type channel with respect to expression level, sensitivity to ATP and slow desensitization. We therefore designed a final construct with all three cysteines being mutated to threonine (P2X 2 -3T), which also closely resembled the wild-type channel (Fig. 1a, Supplementary Fig. 1 and Table 1 online). All mutations were generated using overlapping PCR and confirmed by DNA sequencing.
Cell culture and transfection. HEK293 cells were cultured in Dulbecco's Modified Eagle's Medium supplemented with 10% FBS (vol/vol) and 10 mg L -1 gentamicin. All cell culture reagents were obtained from Gibco. Trypsintreated HEK293 cells were seeded onto glass coverslips in 12-well plates 1 d before transfection and placed in a 37 1C incubator with 95% air and 5% CO 2 . Transfections were carried out using FuGENE6 Transfection Reagent (Roche Applied Science). Cells were transfected with both the P2X 2 constructs and a green fluorescent protein cDNA construct in pGreen-Lantern (Invitrogen) at a ratio of 2:1. Cells were used for whole-cell recording 24-48 h after transfection.
Electrophysiology. Membrane currents were recorded from HEK293 cells using the whole-cell configuration of the patch-clamp technique 36 . Extracellular solutions were rapidly (B10-50 ms) exchanged using a computer-controlled perfusion system (RSC-200; Biologic). Membrane currents were recorded under voltage clamp at -60 mV using an Axopatch 200B patch-clamp amplifier (Axon Instruments) and digitized online using a Digidata 1322A interface board and pCLAMP 9 software (Axon Instruments). Currents were filtered at 2-5 kHz using either four or eight pole Bessel filters. The standard extracellular solution contained 140 mM NaCl, 5.4 mM KCl, 2 mM CaCl 2 , 0.5 mM MgCl 2 , 10 mM HEPES and 10 mM D-glucose, adjusted to pH 7.3 with NaOH. The standard pipette solution contained 140 mM NaCl, 10 mM EGTA and 10 mM HEPES, adjusted to pH 7.0 with NaOH. The external solution for all experiments with Ag + contained 140 mM NaNO 3 , 5.4 mM KNO 3 , 10 mM EDTA and 10 mM HEPES (at pH 7.3), and the pipette solution contained 140 mM NaCl, 10 mM EDTA and 10 mM HEPES, adjusted to pH 7.0 with NaOH. Bath and ground chambers were connected by an agar bridge containing 150 mM KCl. Stock aqueous solutions of 1 mM AgNO 3 were prepared daily and protected from light until use. For each experiment, freshly prepared Rotation (degrees) Figure 5 Architecture of the pore of P2X receptor channels. Illustration of the architecture of P2X receptor channels showing TM2 lining the pore. Only two of the three subunits are shown for clarity. The region housing the gate in the extracellular half of TM2 (I332 to V343) is shown on a helical net diagram to the left. I332 (green) reacted with Ag + at similar rates in the absence and presence of ATP, whereas blue residues showed marked gated accessibility to Ag + and MTSET. A R T I C L E S extracellular solutions containing a total of 1 mM, 10 mM or 50 mM AgNO 3 were used. The free Ag + concentrations in these solutions with 10 mM EDTA were calculated using Maxchelator software (http://maxchelator.stanford.edu/) with appropriate stability constants for our conditions and were determined to be 7 nM, 67 nM and 300 nM, respectively. Because moderate free concentrations (470 nM) of Ag + evoked substantial currents in untransfected HEK293 cells, we used low concentrations in most of the experiments. Solutions containing ATP were freshly prepared every 2 h. Stock solutions of 100 mM MTSET (bromide salt; Toronto Research Chemicals) were made daily and stored on ice. MTSET was diluted to the desired concentration within 2 min of being applied to cells and the pH of the solution was carefully adjusted with NaOH when 1 mM MTSET was required. ATP, MTSET, Ag + and Cd 2+ were delivered by rapid perfusion.
Data analysis. Concentration-response relationships for ATP were constructed for each mutant channel and a Hill equation was fit to the data according to:
where I is the normalized current at a given concentration of ATP, I max is the maximum normalized current, EC 50 is the concentration of ATP ([ATP]) producing half-maximal currents and n is the Hill coefficient. Time constants for modification (t) were obtained by fitting relaxations with a single exponential function and apparent modification rates (R) were calculated according to:
where [M] is the concentration of the thiol-reactive reagent (MTSET or Ag + ).
Note: Supplementary information is available on the Nature Neuroscience website.
